Following a period of complete global cerebral ischemia and reperfusion there ensues a low flow state referred to as the delayed postischemic hypoperfusion state. It is unknown whether this low flow state contrib utes to neuronal injury or whether the magnitude of hy poperfusion correlates with the duration of ischemia. The latter question was addressed in 20 dogs in which com plete global ischemia was induced by cerebrospinal fluid (CSF) compression for periods of 3, 9, 12, or 18 min. Following reperfusion, CBF (by sagittal sinus outflow) and CMR02 were determined for 90 min, and results were correlated with the duration of ischemia. At 90 min postischemia the magnitude of decrease in CBF corre lated crudely with the duration of ischemia (r = -0.67, p
It is well established that following a period of complete global cerebral ischemia there is an imme diate reactive hyperemia with reperfusion followed by a prolonged period of low flow that is commonly referred to as the delayed postischemic hypoperfu sion state (Hossmann, 1982; Siesj6, 1981; Steen et aI., 1978) . Although it remains problematic whether this hypoperfusion state contributes to neuronal in jury, it is commonly assumed that it might do so and that interventions that improve postischemic CBP might also improve neurologic outcome; such a cor relation has been reported by us for the calcium entry blocker nimodipine (Steen et aI., 1983) .
It is also unknown whether the duration of isch emia is an important determinant of the magnitude of the hypoperfusion state. Again, it seems reason able that if the hypoperfusion state contributes to < 0.01). For CMR02 correlation of the magnitude of de crease with the duration of ischemia was more evident (r = -0.74, p < 0.001). Furthermore, the postischemic ra tio of CBF to CMR02 was virtually identical for all dog groups regardless of the ischemic time. The adequacy of the ratio of CBF to CMR02 was reflected by adequate oxygen levels in the sagittal sinus blood of all dogs. The authors conclude that the delayed postischemic hypoper fusion state is probably not an important determinant of neuronal injury since its magnitude appears to be prima rily determined by the metabolic needs of the brain. Key Words: Cerebral blood flow-Cerebral ischemia-Cere bral metabolism-Postischemic hypoperfusion.
neuronal injury, the magnitude of hypoperfusion should correlate with the duration of ischemia.
In the present study we tested for this hypothesis by measuring CBP and CMR02 in dogs following complete global cerebral ischemia of varying dura tion ranging from 3 to 18 min.
MATERIALS AND METHODS
The protocol was reviewed and approved by the Insti tutional Animal Care and Use Committee. Twenty un medicated mongrel dogs weighing 15.5 ± 0.6 kg (mean ± SE) and of either sex were anesthetized in an induction box with 2-3% halothane followed by maintenance with 1% halothane in 60-70% nitrous oxide and oxygen. Pan curonium (0.1 mg kg-I) was given intravenously to facil itate tracheal intubation and thereafter was given every 45 min (0.05 mg kg-I) to maintain muscle paralysis. Venti lation was controlled with a Harvard pump that delivered a tidal volume of 15-20 ml kg -I at a rate sufficient to maintain a P aco2 of 35-40 mm Hg. End-expired gas con centrations (oxygen, carbon dioxide, halothane, and ni trous oxide) were monitored with a mass spectrometer (Perkin-Elmer 1100 medical gas analyzer). Cannulae were placed into a femoral vein for drug and fluid administra tion and into both femoral arteries for blood sampling, for monitoring of MABP, and for subsequent blood with-drawal into a reservoir. Sodium bicarbonate was admin istered intravenously to maintain the buffer base (BB + ) near 40 mEq/L. Fluid administration consisted of normal saline at a rate of 10 ml kg -1 h -1. The sagittal sinus was exposed, isolated and, after heparinization (300-400 U kg-1 i.v.), cannulated as previously described (Michen felder et al., 1968) . This technique permitted direct mea surement of CBF by a square wave electromagnetic flow meter (EP 300 API, Carolina Medical Electronics) from the anterior, superior, and lateral portions of both hemi spheres, representing approximately 54% of total brain weight (Takeshita et al., 1972) . Intracranial pressure (ICP) was measured using an epidural fiberoptic device (LADD Research Industries, Inc.) coupled to a recorder (Gould model ES 1000). Following placement of the ICP probe and a parietal epidural thermistor, the cranium was rigidly closed using Surgicel (Johnson and Johnson) and Super Line adhesive (Rawn Company). The dogs' ears were packed with cotton and the eyes closed and covered with tape. Brain and body temperature (esophageal thermistor) were maintained near 37"C with heat lamps and blankets. The ECG was recorded from two needle electrodes placed in the forelimbs. A four-lead, two channel bifrontal and biparietal EEG was recorded from platinum electrodes glued to the skull. Arterial and sag ittal sinus blood gases were determined by electrodes maintained at 37°C (Instrumentation Laboratory 1303). Blood oxygen contents were calculated from measure ment of oxyhemoglobin concentrations (CO-oximeter, IL 282) and oxygen tensions. These measurements permitted calculation of the CMR02 as the product of CBF and the arterial-sagittal sinus blood oxygen content difference. Blood glucose and lactate were determined by a mem brane-bound enzyme technique (YSI model 23A glucose and lactate analyzers).
Upon completing the surgical preparation of the head, a 35 mm long 1.52 mm ID polyethylene catheter was in serted into the lumbar subarachnoid space, and 3-5 ml of 1 % tetracaine was administered to induce high spinal an esthesia. A 16 gauge Touhy needle and a 0.58 mm ID catheter were inserted into the cisterna magna for subse quent infusion of 37°C saline solution and measurement of CSF pressure with a strain gauge. The Touhy needle was withdrawn prior to the study. The surgical wounds in the head were infiltrated with 1% lidocaine, the halothane was discontinued, and the nitrous oxide was replaced with nitrogen.
When end-expired halothane was <0.1 %, nitrous oxide <5%, P a02 > 120 mm Hg, and P ac02 near 38 mm Hg, a minimum of three sets of control measurements were taken at 5 min intervals. After completion of control mea surements, hemorrhagic hypotension to a systolic blood pressure (SBP) of 60 mm Hg was induced by opening the femoral artery cannula to a reservoir bottle that was maintained at a pressure near 60 mm Hg. When SBP reached 60 mm Hg, the CSF pressure was rapidly (within 3-5 s) increased using simultaneous infusions of 37°C sa line solution into the lumber subarachnoid space and the cisterna magna. Cisternal CSF pressure was then main tained at a level more than 20 mm Hg greater than SBP for the selected period of time. During the reSUlting isoelec tric EEG interval MABP was maintained near 40 mm Hg using a norepinephrine infusion (0.08 mg ml-1).
Dogs were randomly divided into four groups as deter mined by the duration of cerebral ischemia produced by CSF compression. Ischemia was maintained for 3 min in J Cereb Blood Flow Metab, Vol. 10, No.1, 1990 six dogs, 9 min in four dogs, 12 min in four dogs, and 18 min in six dogs. After achieving the selected ischemic time interval, the subarachnoid infusion conduits were opened to air and MABP increased to >60 mm Hg in less than 1 min by reinfusion of the arterial shed blood and by an infusion of norepinephrine as needed. CBF, CMR02, ICP, and selected systemic physiologic variables were recorded at 1 min and at 5 min postischemia followed by 5 min interval measurements until 30 min postischemia and then at 10 min intervals until 90 min postischemia. The EEG was recorded at these same time intervals while CBF and ICP were continuously recorded. Animals were killed with intravenous pentobarbital and KCl at the con clusion of the study, and the brains were removed and weighed.
The data are presented as mean values ± SEM. Statis tical comparisons within dog groups were accomplished by paired t tests. Between-group comparisons were done with an analysis of variance. When a significant F value was identified, individual comparisons were made by un paired t tests using Bonferroni's correction for mUltiple comparisons. The relationship of CBF and CMR02 to the duration of ischemia was determined for the 90 min postischemia values using linear analysis and the Pearson product-moment correlation coefficient. A p value less than 0.05 was considered significant.
RESULTS
There were no differences in the physiologic preischemic control values between the four dog groups (Table 1) . Immediately following ischemia a mild but significant metabolic acidosis was apparent in all but the 9 min dogs and was present in all dogs at 90 min postischemia. Concomitant with changes in CBF (see below), sagittal sinus blood O2 tensions relative to control values were increased at 1 min and decreased at 90 min postischemia. ICP tended to change in these same directions at these same time intervals. Sporadic but unimportant postisch emic changes were occasionally seen in P a02, Paco2, hemoglobin, MABP, and heart rate as well ( Table 1) .
The postischemic CBF changes were qualita tively similar in all dogs (Fig. 1) . This was charac terized by an immediate postischemic hyperemic phase such that CBF increased to 2-4 times greater than control levels for 5-10 min. Thereafter CBF decreased to below control levels by 20-30 min. By 90 min this decrease was to approximately 50% of the control values. Although the late (30-90 min) postischemic CBF values were numerically the least in the 18 min dogs and the greatest in the 3 min dogs, there were no statistically significant differ ences in CBF among the four groups at 90 min ( Fig.  1 and 2 ). However, there was a significant linear correlation between the 90 min postischemia CBF values and the duration of ischemia (p < 0.01, r = -0.67).
CMR02 followed a similar biphasic pattern postischemia as did CBF, but the timing differed considerably (Fig. 3) . Within the first minute CMR02 increased 3�60% above control but by 5 min postischemia CMR02 was less than control. This decrease continued for 5-20 min and was fol lowed by a secondary increase; however, except for the 3 min group this increase fell well short of con trol levels. The timing of the secondary increase in CMR02 tended to correlate with the onset of EEG activity ( Table 2 ). The CMR02 values at 90 min were significantly less than control in all groups
.J: u (,) ... ( Fig. 4) , while the 90 min values for the 3 and 18 min groups differed significantly from each other. Ac cordingly, there was a highly significant linear cor relation between the 90 min postischemia CMR02 values and the duration of ischemia (p < 0.001, r = -0.74). The ratios of CBF to CMR02 are shown in Figs. 5 and 6. The biphasic postischemic pattern was again evident (Fig. 5) , with a true hyperemic phase as reflected by the ratio of CBF to CMR02 at 1 min Ie: postischemia (Fig. 6) . From 50 to 90 min postis chemia the mean values for the ratios were virtually identical for the four groups, and they were signif icantly different from control at 90 min for the 3 and 18 min groups (n = 6) but not the 9 and 12 min groups (n = 4) ( Fig. 6 ). There was no correlation between CBFICMR02 and the duration of ischemia (r = -0. 07, p < 0. 8). The adequacy of CBFI CMROz was reflected by the maintenance of sagit tal sinus blood oxygen tension at or above 25 mm Hg in all dogs (Table 1) . Blood glucose and lactate levels were low to nor mal prior to ischemia (55-86 mg dl-I and 0. 7-1.6 f.Lmol ml-1, respectively) and did not change signif icantly during the 90 min postischemic period in any of the dogs.
DISCUSSION
These results suggest the following conclusions regarding postischemic global hemispheric CBF and CMROz: (a) the severity of the delayed post ischemic hypoperfusion state relates crudely to the duration of ischemia; (b) the magnitude of the post ischemic CBF appears to relate primarily, if not ex clusively, to the magnitude of the CMROz as re flected by the nearly identical mean CBFICMROz values regardless of ischemic time; (c) the magni-tude of the postischemic CBF appears adequate for metabolic purposes as reflected by the adequate values for sagittal sinus blood 0z tension in all dogs throughout the postischemic period; (d) the magni tude of the postischemic CMROz values are in versely related to the duration of ischemia and pre sumably reflect the magnitude of the acute injury; and (e) efforts to increase CBF in the immediate postischemic period may not be expected to favor ably affect either CMROz or (by implication) func tional outcome.
The final conclusion above has potential clinical relevance and agrees with recent conclusions reached by LaManna et al. (1988) based upon their canine studies following 11 min of complete global ischemia. They measured CBF (with microspheres) during the first 24 h postischemia and then observed the outcome for 7 days (approximately 50% of their dogs died). Although they recorded the typical de layed postischemic hypoperfusion state, in individ ual dogs there was no correlation between the mag nitude or duration of the hypoperfusion state and ultimate neurologic deficits or mortality. They con cluded "that improved postischemic blood flow cannot be used as a criterion for assessing drug therapy without reference to metabolic demand." These authors granted that their study did not rule out the possibility of microregional differences in CBF that might have correlated with outcome. Sim ilarly, our study provides no information and per mits no conclusions about regional blood flow or the microcirculation following complete global isch emia.
In addition to our study and that by LaManna et al. (1988) there are other reports that at least indi rectly lead to the same conclusions as were reached in the present study. Sakabe et al. (1986) , in a ca nine study of the calcium entry blocker nicardipine, pointed out that although nicardipine improved postischemic CBF it did not improve outcome nor did it alter postischemic CMROz. They thus ques tioned the importance of the delayed hypoperfusion state. In our canine studies of the calcium entry blocker nimodipine (Steen et aI. , 1983) , we did see both improved CBF and improved outcome, but like Sakabe et aI. (1986) we saw no measurable ef fect on postischemic CMR02. This finding again suggests that the correlation between flow and out come that we observed was perhaps coincidental rather than mechanistic. We have employed the CSF compression model used in the present study in three previous studies.
In the first study we demonstrated that the magni tude of postischemic hypoperfusion and the func tional neurologic outcome were the same in this model as in our previous model using aortic and venae caval occlusion to produce ischemia, given the same duration of ischemia (10-11 min) (Lanier et aI., 1988) . In a second study we used the model to demonstrate the lack of effect of dizocilipine male ate (MK-80l) on postischemic CBF and CMR02 (Perkins et aI., 1989) . In a third study we used this model to demonstrate the efficacy of pretreatment with a 21-amino steroid (U74006F) on neurologic functional outcome (Perkins et aI., 1989) . The CSF compression model has three distinct advantages over other models of global ischemia with which we are familiar: it permits any desired period of isch emia with almost no mortality, it virtually guaran tees immediate reperfusion, and it avoids the con founding influence of systemic hypoxia. The time intervals for ischemia selected in the present study were based on the following consid erations. In a large number of canine studies done by us and others it has been repeatedly reported that 10-11 min of ischemia is necessary to produce fairly predictable neurologic functional deficits as determined by observation at 24-96 h following ischemia (Steen et aI., 1983; LaManna et aI., 1988; Sakabe et aI., 1986; Lanier et aI., 1988; Goldstein et aI., 1966; Steen et aI., 1979 Steen et aI., , 1983 . By contrast, 3 min would be expected to result in no measurable injury while 18 min should be uniformly severely injurious. Thus we sought the full spectrum with emphasis on the extremes at 3 and 18 min in order to detect any differences more certainly. The 9 and 12 min intervals were chosen to bracket the critical time interval necessary to yield measurable neuro logic injury in order to determine if there were any "step" changes in the variables we measured that might correlate with the expected "step" change in neurologic function. There was no suggestion of such a change, and therefore we elected not to ex pand these two groups to six dogs each as was done in the 3 and 18 min groups.
In summary, the results of this study suggest that the delayed postischemic hypoperfusion state may possibly be of no importance in determining neuro nal injury following complete global ischemia. The duration of ischemia does correlate with the magni-tude of hypoperfusion but more so with the de crease in CMR02• Since the ratio of CBF to CMR02 is relatively constant, adequate, and unaf fected by the duration of ischemia, it appears that the postischemic CBF is primarily determined by metabolic demand.
